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A Sacks-Evertson borehole volumetric strainmeter (SE strainmeter) at a site located 105 km from the epicenter
of the mainshock recorded a clear slow strain event following the 2003 Mw 8.0 Tokachi-oki earthquake (Septem-
ber 25, 2003, 19:50:06 UTC). This consisted of an episode of contraction for 4 days followed by expansion for
23 days. GPS sites in southeastern Hokkaido also recorded displacement changes during the same time interval.
We use quasi-static calculations to generate synthetic waveforms for the measured quantities. All the data are sat-
isﬁed by a propagating line source 2-stage model of slow reverse slip, uniform amplitude of 50 cm, with rupture
propagation velocities of constant 9 cm/s (ﬁrst stage) and exponentially decreasing from 3 to 0.7 cm/s (second
stage). This post-seismic slip event is taken to be coplanar with the main shock rupture on the upper plane of
the double Wadati-Benioff seismic zone (DSZ), and largely overlaps the seismic rupture. Regular earthquakes
release only about 30% of the plate motion in this section of the subduction zone; post-seismic slip appears to
account for at least some of the deﬁcit.
Key words: Post-seismic slip event, volumetric strainmeter, 2003 Tokachi-oki earthquake, aftershock activity,
state space approach.
1. Introduction
The Hokkaido corner in the southernmost Kuril trench
is the site of great earthquakes due to the subduction of
the Paciﬁc Plate beneath Hokkaido, Japan, at a rate of 8.3
cm/yr (Fig. 1). There are two recent such earthquakes:
the 1952 Tokachi-oki earthquake (M 8.2), and the 2003
Tokachi-oki earthquake (M 8.0). The rupture zone of the
2003 Tokachi-oki earthquake is close to the source region of
the 1952 Tokachi-oki earthquake as described by Yamanaka
and Kikuchi (2003), suggesting that such large earthquakes
occurred repeatedly at ﬁxed asperities. Yamada et al. (2005)
located precisely many hypocenters of aftershocks by using
a high density OBS array (47 stations) and showed that
few of the aftershocks occurred where large slip took place
during the main shock. Further, Ito et al. (2004) showed
that the most thrust faulting aftershocks of M 4 and greater
with a nodal plane similar to the main shock concentrated
along the plate boundary to the east of the large stress-drop
zone of the main shock.
In a study of GPS data of GEONET sites in Hokkaido,
for the period between September 4, 2003, and March 6,
2004, the time evolution of its post-seismic slip, together
with the coseismic slip distribution were estimated (Ozawa
et al., 2004). Miyazaki et al. (2004) estimated the spatial
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and temporal evolution of post-seismic slip in the 30 days
following the mainshock. Using GPS data, they showed that
there was signiﬁcant post-seismic slip following the main-
shock. Their ﬁndings placed most of the slip in an area to
the northeast and southwest of the coseismic slip but we
note that the results did not ﬁt well the distribution of the
vertical displacements. Baba et al. (2006) estimated a U-
shaped 1-yr post-seismic slip distribution encircling the co-
seismic slip, using GPS and ocean bottom pressure data.
Miyazaki and Larson (2008) used 30-second GPS data to
derive a model of post-seismic slip during the ∼1 hour be-
fore the largest aftershock, and also for the ﬁrst 4 hours after
the mainshock. They concluded that there was signiﬁcant
post-seismic slip in the region between the slip maxima of
the mainshock and that of the largest aftershock, as well
as downdip of those zones. Fukuda et al. (2009), using 5
hours of GPS data immediately following the mainshock,
also found slow post-seismic slip roughly in the area be-
tween the main, and the largest, aftershock.
Here, we re-examine this post-seismic slip episode by
utilizing dilatational strain data from a Sacks-Evertson
borehole strainmeter (Sacks et al., 1971) at the Urakawa
Seismological Observatory of Hokkaido University (KMU)
in southern Hokkaido, Japan (Fig. 1) with the objective of
determining what additional constrains can be placed on the
parameters of the post-seismic slip. Clearly, with only one
strainmeter site we cannot claim a complete solution but
we will see if our model based on strain changes can also
satisfy the displacement data from those GPS sites in south-
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Fig. 1. (a) Tectonic setting of Japanese island. Solid lines indicate plate boundaries. EU, PH, PA, and NA denote Eurasian, Philippine Sea, Paciﬁc
and North American plates, respectively. (b) Magniﬁed map of the rectangular area in Fig. 1(a). The solid square denotes the borehole station of the
Sacks-Evertson strainmeter. The solid star denotes the epicenter of the 1952 Tokachi-oki earthquake. Open big and small stars denote the epicenters
of the 2003 Tokachi-oki earthquake and its largest aftershock, respectively. Color scale shows the cumulative afterslip for 5 hours following the main
shock (Fukuda et al., 2009). Contours with a 1-m interval represent the coseismic slip distribution of the main shock estimated by Miyazaki and
Larson (2008). The thick arrow shows the relative motion of the Paciﬁc plate with respect to the North American plate computed based on the work
of DeMets et al. (1994).
east Hokkaido in the general vicinity of the strainmeter site.
Strain changes in near-surface crustal rock have contribu-
tions from barometric pressure changes, from Earth tides,
and precipitation, in addition to any tectonic changes of im-
portance to this study. Additionally, the continuity of the
data stream is occasionally interrupted due to equipment
failure or loss of power. To remove extraneous inﬂuences,
we ﬁrst apply a state-space model that was developed for
detecting coseismic changes of groundwater levels (Kita-
gawa and Matsumoto, 1996; Matsumoto et al., 2003) to
the strain data recorded at KMU. The resulting signal de-
composition provides a corrected strain signal, showing a
clear strain event consisting of contraction for about 4 days,
and then expansion for about 23 days, following the 2003
Tokachi-oki earthquake. We assume, as did previous inves-
tigators, that the source for this strain event is coplanar with
the mainshock and additionally that the slip is in the same
direction as the coseismic slip and is uniform over our entire
model surface.
2. Observation and Data Processing
Our primary data are 6 months of strain change obser-
vations, starting about 4 months before the 2003 Tokachi-
oki earthquake, recorded by a SE strainmeter in a 110-m-
deep borehole at KMU (Takanami, et al., 1998). The site
is about 105 km from the earthquake epicenter (Fig. 1).
The strainmeter has a sensitivity of about 10−11, large dy-
namic range and constant response to strain from zero fre-
quency to 20 Hz (Sacks et al., 1971). The strain data are
now logged on site and also sent by telemetry to the Insti-
tute of Seismology and Volcanology, Hokkaido University,
Sapporo, Hokkaido, but, in 2003, we had only telemetered
data. We also use GPS data from a number of sites in south-
east Hokkaido to conﬁrm the validity of our model and to
provide constraints on the along strike length of the slow
rupture source.
Figure 2 shows the time series of one-hour sampled strain
data for the period from June 01, 2003, to November 30,
2003. There are 2 gaps in the data due to loss of power and
these also resulted in a reset of the strainmeter, as evidenced
by an offset in the record. The second of these power fail-
ures was due to shaking from the studied earthquake and,
unfortunately, resulted in the loss of 12 hours of data. We
removed these offsets by incorporating a step function time
series. Our preprocessing technique allows both the esti-
mation of missing data and the removal of artiﬁcial offsets
(Kitagawa, 2010), but our analyses do not use any of the
results of these aspects of the data processing. Of course,
any tectonic strain changes during the interval cannot be re-
stored. Thus, we have no strain data from which to estimate
coseismic offsets due to the mainshock and the largest af-
tershock; nor can we see changes due to any post-seismic
slip during that interval.
In general, the raw strain data includes the response due
to barometric pressure changes, Earth tides, and precipi-
tation. In order to decompose stably such responses, we
used a state-space model with regression covariance; this
was originally developed to decompose groundwater level
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Fig. 2. (a) Observation data. Top, middle, and bottom indicate raw strain, air pressure (in units of digitizer counts), and precipitation. (b) Decomposed
signals. From top to bottom, observation through pre-processing for jump andmissing data and trend component, pressure induced strain, precipitation
induced strain, and tidal induced strain for 4 major constituents. The vertical line marks the time of the mainshock. Note, in particular, the non-linear
transfer function for effects due to precipitation. Time is based in JST.
into the effects of barometric pressure, Earth tide, and pre-
cipitation (Kitagawa and Matsumoto, 1996; Matsumoto et
al., 2003). Here, we use it to analyze the borehole strain
time series,
correctedStrainn = obsStrainn − (Pn + En + Sn + εn),
εn ∼ N (0, σ 2), n = 1, . . . , N . (1)
where N is the number of observations. Pn , En , Rn , Sn and
εn are air pressure effect, Earth tide effect, precipitation ef-
fect, jump effect and observation noise components, respec-
tively. The corrected strain is expressed by using the follow-
ing ﬁrst-order trend model (Kitagawa and Gersch, 1984).
correctedStrainn = correctedStrainn−1 + wn,
wn ∼ N (0, τ 2), n = 1, . . . , N . (2)




















where pn , etn , and rn are the observed air pressure, theo-
retical Earth tide and observed precipitation, respectively.
Sn expresses the jump of the level due to instrument main-
tenance or breakdown, where ηi is an unknown jump am-
plitude and si,n is the step function deﬁned by si,n = 0 for
i ≤ ni and si,n = 1 for i > ni . ni is the jump occurrence
time of the i-th jump and is assumed to be known. For
the precipitation effect, we used the ARMAX type model
(Box and Jenkins, 1976) as given by the model (5) because
a precipitation effect may continue for a very long time fol-
lowing the precipitation. The regression coefﬁcients ai and
bi can be estimated by the Kalman ﬁlter. On the other hand,
ci and di need to be estimated by numerically maximizing
the likelihood function. Once the parameters of these mod-
els are estimated by the maximum likelihood method, we
can interpolate the missing values of strain data by using
Kalman ﬁltering and a ﬁxed-interval smoother. After apply-
ing such a state-space approach to the strain data to separate
these responses, the resulting signal is our best estimate of
the change in tectonic strain (upper panel, Fig. 2(b)). The
orders of the models m, l, and k are selected by searching
for the optimum state-space model having the smallest AIC
(Akaike, 1973) value, which is obtained by maximizing the
likelihood of the model and optimizing the model parame-
ters. ns is the number of jumps in the observation data.
This time series shows a clearly anomalous strain change
for at least 27 days following the earthquake. The data
do not preclude continuing slip over a longer time interval
as has been shown by Ozawa et al. (2004) but since we
cannot readily recognize such strain changes we limit our
analysis to the clearly observable strain event. We now seek
to determine the source of this signal.
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Fig. 3. (a) Observed data (light grey line) and model curve (dark grey line) calculated for the propagating fault model. (b) Schematic propagating
fault model for slow slip event consisting of Stage 1 (dark grey) and 2 (light grey). We have a line source, with uniform slip over the whole surface,
propagates slowly down-dip.
3. Propagating Fault Model for Post-Seismic Slip
Previous studies of post-seismic strain changes in loca-
tions of GPS sites (Ozawa et al., 2004; Miyazaki and Lar-
son, 2008; Fukuda et al., 2009) solved for source models
coplanar with the mainshock rupture. We also take that ap-
proach and additionally assume the same direction for the
slip vector as for the mainshock (Geographical Survey In-
stitute, 2004). This approach is supported by the work of
Ito et al. (2004), who pointed out that the mechanisms of
the aftershocks, distributed along the boundary between the
Paciﬁc and the North American plates, are similar to that of
the main event, indicating a thrust fault with a nodal plane
dipping to the northwest. The location of such aftershocks
corresponds to the upper zone of the double-planed Wadati-
Benioff seismic zone (DSZ) imaged along the southernmost
Kuril trench using relocated hypocenters by Katsumata et
al. (2003). We use the mainshock fault plane solution from
the Geographical Survey Institute (2004).
By focusing on the strain data, we bring additional con-
straints on models for the post-seismic slip. Our approach
is to look for the simplest model that will satisfy the strain
record and then check by comparing calculated displace-
ments with GPS observations in southeast Hokkaido from
GEONET (GPS Earth Observation Network System) of the
Geospatial Information Authority of Japan (GSI) and the
temporary GPS survey by Takahashi et al. (2004). That the
strain record is characterized by a change in sign during the
course of the event is indicative of a propagating source. In
contrast to horizontal displacements, vertical displacements
and dilatation experience sign changes that are diagnostic
of source depth. When we apply the very reasonable con-
straint that the source of the post-seismic slip is coplanar
with the mainshock rupture (strike 240◦, dip 23◦) and the
slip vector has the same rake angle (124◦) as for the main-
shock, as given by GSI (2004), we immediately ﬁnd that the
strain record supplies strong constraints on the extent of the
source in the dip direction and also requires that the rupture
propagates down-dip. To minimize the number of free pa-
rameters, we also assume that the slip amplitude is constant
over the slow rupture surface and that the rupture front is a
horizontal line source.
We use expressions for deformation given by Okada
(1992) due to shear failure on a rectangular surface in a
uniform elastic half-space. We generate a quasi-static time
series by successively calculating the deformations as the
rupture surface grows due to a line source (extending over
the length of the fault in the strike direction) propagating
down-dip with velocities determined as indicated below.
This technique has been used previously, e.g. in Linde et
al. (1996) and Liu et al. (2009). The upper edge of the
slow rupture surface (to the south-east) cannot be shallower
than in the model; slow rupture with a slip direction as in
the mainshock on the shallower extension of that plane will
produce expansion (positive) strain at KMU rather than the
initial observed contraction. The lower limit of Stage 1 (see
Fig. 3(b) and caption for the characterization of the two
stages, with the ﬁrst corresponding to compressive strain
at KMU, and the second to expansion) is ﬁxed since, at that
position, the strain produced at KMU changes from contrac-
tion to expansion, corresponding to the reversal in the data
as shown in Fig. 3(a). The amplitude of the strain change
in Stage 1 requires 50 cm of slip and we ﬁt the duration and
shape of the strain change extremely well by using a con-
stant rupture velocity of 9 cm/s (Fig. 3(a)). We cannot simi-
larly unambiguously constrain the lower limit of rupture for
Stage 2. But we minimize the number of free parameters
by taking a constant slip amplitude over the whole slip sur-
face, so then the observed strain change amplitude for Stage
2 determines the lower limit of slip. This coincidentally re-
sults in the down-dip rupture width being the same for both
stages. For this stage, a constant rupture velocity does not
produce a comparably good ﬁt to the shape of the data; the
model curve would initially increase too slowly. To improve
the ﬁt to the shape of the curve, we used an exponentially-
slowing rupture velocity that slows from 3 cm/s to 0.7 cm/s.
Note that this added complexity does not affect the calcu-
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Fig. 4. Comparison of displacements calculated for the fault model (dark line) with those estimated from data at 12 selected GPS stations. Locations of
SE strainmeter station of KMU, GPS stations of GEONET (small circles) and temporary GPS station (big circle) are indicated in the central location
map together with fault planes for two stages (dark grey then light grey) of slow slip. Comparison is carried out from 27 September to 25 October
(UTC). GPS data was used only to constrain the length along strike of the slip model; down-dip dimensions and slip amplitude were determined
using only KMU strain data. Nevertheless the agreement between the GPS data and model calculations is very good.
lated amplitude for Stage 2.
The schematic geometry of faults in Stages 1 and 2 is
illustrated in Fig. 3(b). The fault parameters (fault areas,
fault slips, rupture velocities, and depths) are 130×32 km2,
50 cm, 9 cm/s and 38 km for Stage 1, and 130 × 32 km2,
50 cm, and 3 to 0.7 cm/s (exponentially decreasing) and
50.5 km for Stage 2, respectively. The total seismic moment
released slowly is 1.4×1020 N m (equivalent to Mw = 7.4).
4. Comparison of Model with GPS Data
It is impossible to determine the fault length using only
data from a single strainmeter site, but GPS data assist in
that respect (Fig. 4). Requiring a reasonable ﬁt to the GPS
data allows good control of the southwest extent of the slow
rupture. The northeast extent is less well controlled by the
data in Fig. 4; rather, we limit the northeast extent to ﬁt well
with the extent of coseismic rupturing. This limit, for our
very simple source model, is rather similar to that in Ozawa
et al. (2004) and in Miyazaki et al. (2004); those studies use
data from many more GPS sites. In Fig. 4, we show the data
from 12 GPS sites in southeast Hokkaido together with the
calculated displacements for the model derived as described
above. The ﬁt of model curves to the data is surprisingly
good considering that we determined the down-dip extent of
rupturing and the slip amplitude solely from the strain data
and that we imposed uniform slip over a rupture surface that
is a simple rectangular shape.
For GPS sites whose data plots are not shown, three close
to Cape Erimo record signiﬁcantly larger EW displace-
ments than those calculated from our model, while some
sites to the north have larger (negative) NS displacements.
The discrepancy could be reduced by allowing some clock-
wise rotation of the slip vector as a function of strike direc-
tion from southwest to northeast. But, even without adding
any complexity to our extremely simple model, the overall
ﬁt to all sites is very good given that we did not use these
data to control the slip solution; clearly, our model captures
the essentials of the post-seismic rupture. We do not ﬁt well
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the horizontal displacements at GPS sites to the NE of our
model; this is not surprising since our model is primarily
based on the strain record from KMU to the southeast end
of the model surface. That aspect could be improved by
including additional slip in the vicinity of those GPS sites
(e.g. see Ozawa et al., 2004) without any noticeable change
in the calculated strain at KMU.
There have been several studies of this post-seismic slip
event based on analyses of GPS data, e.g. Miura et al.
(2004), Miyazaki et al. (2004), Ozawa et al. (2004), Mu-
rakami et al. (2006), and Uchida et al. (2009). The lat-
ter two present an analysis over a longer period than in our
study. Compared with our very simple model, all of these
studies solve for models with many more parameters. These
solutions characteristically show large slip amplitudes shal-
low in the subduction zone (depth <20 km) at rather larger
distances from the land-based observation points. The mod-
els also have slip concentration on the subduction interface
under Hokkaido. We note that the shallow slip in those
models is not compatible with the strain record (as noted
above, slip in that area will result in a positive strain change
at KMU). Also, that shallow slip causes negative vertical
displacements at GPS sites close to the coast where the data
show uplift; this has to be offset by adding slip patches un-
der the land. Baba et al. (2006) show that the land-based
GPS data provide poor resolution for slip in the shallow
parts of the subduction zone. Previously-published models
are in conﬂict with the observed strain change data whereas
our very simple model, derived primarily to ﬁt the strain
data, also ﬁts the GPS data very well for those sites in the
vicinity of our model.
5. Relationship between Post-Seismic Slip andAf-
tershock Activity
In Fig. 5, we show aftershock activity during the ﬁrst 10
days of the post-seismic slip event. We note that there is a
signiﬁcant change in the earthquake rate at about the time of
completion of the Stage 1 rupture (Fig. 5(a)). In Figs. 5(b)
and 5(c) we show the locations of those aftershocks for the
entire duration of Stage 1, and the ﬁrst 6 days of Stage
2. The majority of the aftershocks cluster to the east of
the combined post-seismic slip zones, suggesting that the
afterslip behavior changes at a longitude of about 144.2◦E.
The strain rate (at KMU), and the average rate of aftershock
occurrence, are 154×10−9 strain/day and 13.6 events/day
during Stage 1, and 13×10−9 strain/day and 5.4 events/day
in the earlier part of Stage 2, respectively (Fig. 5(a)). We
speculate that the higher rate of seismicity during Stage 1
could be because post-seismic slip up till that time is closer
to the zone of aftershocks and thus has a greater impact on
the shear stress on the more easterly part of the subduction
zone, leading to an increase in the seismicity rate.
We also note (Figs. 5(b) and 5(c)) that the post-seismic
slip area is complementary to that with the large major-
ity of aftershocks, as pointed out by Ito et al. (2004).
Mochizuki et al. (2005) interpreted strong reﬂections at
the plate boundary within the aseismic regions as implying
aseismic slip between the plates. Aftershocks occur mainly
to the east of about 144.2◦E and south of 42.5◦N, whereas
continuing post-seismic slip dominates the post-seismic re-
lease to the west. Earlier GPS-based studies found post-
seismic slip to the north of the 42.5◦N limit. (As dis-
cussed above, we discount any post-seismic slip shallower
in the subduction zone, i.e. to the east of 144.2◦E and south
42.5◦E, as proposed in earlier GPS-based studies, because
such slip violates the strain observations, and a subsequent
study by Baba et al. (2006) shows that the GPS data has
very low resolving power for such slip.) This dividing line
is not simply along a depth contour of the subduction, and
so the differing characteristics are not simply a function of
depth. It may be suggestive of differing fault zone rheolo-
gies. Machida et al. (2009) showed that the high Vp/Vs
anomaly is positioned above the largest slip area of the
2003 Tokachi-oki earthquake, estimated by Yamanaka and
Kikuchi (2003), and suggested that it may relate to ﬂuid
ﬂow during the main shock.
6. Conclusion
We applied state-space modeling techniques to enable
the removal of offsets, barometric pressure change ef-
fects, solid Earth tides, and precipitation effects, from the
strain recorded by an SE strainmeter at KMU, southeast
Hokkaido. Particularly noteworthy is the successful re-
moval of the strains induced in a non-linear fashion by
precipitation. The remaining trend is a signiﬁcantly im-
proved estimate of geodetic strain and clearly shows con-
tinuing post-seismic strain following the M 8 Tokachi-oki
earthquake.
By assuming, for this post-seismic slip, a source coplanar
with the seismic rupture plane, we are able to place strong
constraints on the down-dip extent and amplitude of the
post-seismic slip by using only the dilatational strain data.
We limit the northeast extent of our model to match the
coseismic rupture and then ﬁnd that we match the GPS data
surprisingly well with the other slip parameters determined
solely from the strain data at a single station. We minimize
the number of free parameters in the model by having the
simplest possible geometry and slip parameters. We have
two rectangular slip surfaces, one for each stage of the strain
event that consists of contraction followed by expansion.
These two sources have equal lengths and widths, and we
impose a uniform slip vector over the complete source.
Miyazaki and Larson (2008) concentrated on GPS dis-
placement changes during the ﬁrst 4 hours after the main-
shock, an interval during which we have no strain data due
to power failure at the observation site. Their model has a
slip patch contiguously up-dip from our model; if that slip
propagated downward it would merge into our slip area.
Ozawa et al. (2004) and Miyazaki et al. (2004) studied a
longer time interval but, for the duration of our study, they
proposed a large patch of post-seismic slip up-dip from the
seismic rupture at a depth less than 20 km, in addition to
slip at depths more comparable to those of our model. Such
models are not compatible with the strain record; they pro-
duce a large expansion (positive) signal. Also, as we noted
above, the GPS network has a rather low resolving capa-
bility for slip in those distance shallow area (Baba et al.,
2006). Both studies use data from a large number of GPS
stations and invoke quite a complex source model. The GPS
data in those two studies show low amplitude changes con-
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Fig. 5. (a) Comparison of strain rate with occurrence rate of aftershocks of M 4 and over located in and around the aftershock area (41◦N∼43◦N,
142.5◦E∼146◦E) from September 27 to October 06 (JST). Light and black lines indicate variations of strain (contraction positive) and cumulative
number of aftershocks. Maps of aftershocks during 10 days following the mainshock; (b) aftershocks m = 4 or more; (c) aftershocks m = 2 or more.
These aftershocks are all at the depths of the subducting interface. Note that very few earthquakes m = 4 or more occur in the area where we have
slow slip to satisfy the strain transient; rather, they are in the adjacent areas.
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tinuing after the end of our Stage 2. Strain amplitudes for
such small long-period changes would be below our detec-
tion threshold.
Additionally, we note an intriguing relation: the areas
experiencing aftershocks and post-seismic slip are comple-
mentary, but are not separated by depth. We have no simple
explanation for this but the observation appears to be robust.
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